Mutations in the para gene specifically affect the expression of sodium currents in Drosophila. While 65% of wild-type embryonic neurons in culture express sodium currents, three distinct mutations in the para locus resulted in a decrease in the fraction of cells from which sodium currents could be recorded. This reduction was allele-dependent: macroscopic sodium currents were exhibited in 49% of the neurons in pararsl cultures, 35% in paratsz, and only 2% in paraST76. Voltage-clamp experiments demonstrated that the parats mutation also affected the gating properties of sodium channels. These results provide convincing evidence that para, a gene recently shown to exhibit sequence similarity to vertebrate sodium channel a subunits, encodes functional sodium channels in Drosophila. The finding that one para allele @arasT76) can virtually eliminate the expression of sodium currents strongly argues that the para gene codes for the majority of sodium channels in cultured embryonic neurons.
Summary
Mutations in the para gene specifically affect the expression of sodium currents in Drosophila. While 65% of wild-type embryonic neurons in culture express sodium currents, three distinct mutations in the para locus resulted in a decrease in the fraction of cells from which sodium currents could be recorded. This reduction was allele-dependent: macroscopic sodium currents were exhibited in 49% of the neurons in pararsl cultures, 35% in paratsz, and only 2% in paraST76. Voltage-clamp experiments demonstrated that the parats mutation also affected the gating properties of sodium channels. These results provide convincing evidence that para, a gene recently shown to exhibit sequence similarity to vertebrate sodium channel a subunits, encodes functional sodium channels in Drosophila. The finding that one para allele @arasT76) can virtually eliminate the expression of sodium currents strongly argues that the para gene codes for the majority of sodium channels in cultured embryonic neurons. Papazian et al., 1988; Ganetzky and Wu, 1986; Salkoff and Tanouye, 1986; Tanouye et al., 1986) . The cloning of a gene coding for a voltage-dependent potassium channel from the Shaker locus (Baumann et al., 1987; Kamb et al., 1987; Papazian et al., 1987; Timpe et al., 1988; lverson et al., 19881 The values for mutant and wild type, between -30 and 0 mV, when evaluated in a point by point comparison, are significantly different at the P < 0.05 level. The mutant curve is shifted in the depolarizing direction, with the maximal current density value occurring 10 mV more positive than wild type. (B) Peak g-V curves were constructed using the equation g = I/W -E,,), assuming a linear open channel I-V and using the E,,, extrapolated from the I-V curves for the individual cells. The para"' values at each voltage were significantly smaller than the wild-type values (P < 0.04). (C) Normalized g-V curves were generated by expressing the conductance at each voltage as a function of the maximal conductance, on a cell by cell basis. These values were then averaged and plotted for the 23 para"' and 31 wild-type neurons examined. The half-maximal conductance in para"z neurons occurs 5-7 mV more determine whether the peak probability of a channel (Salkoff and Wyman, 1983; Papazian et al., 1987; Timpe et al., 1988; Kamb et al., 1987; Baumann et al., 1987; lverson et al., 1988 dium channel a subunits (Salkoff et al., 1987; Okamoto et al., 1987) . This gene is located at position 60D-E on the right arm of the second chromosome and has been shown by Northern blot analysis to be expressed in both early and late embryos and pupae (Salkoff et al., 1987 Wu et al., 1978; Kulkarni and Padhye, 1982; Jackson et al., 1985) have also been proposed to be important in sodium channel expression based on physiological and biochemical analysis of mutants (for reviews see Papazian et al., 1988; Ganetzky and Wu, 1986; Salkoff and Tanouye, 1986; Tanouye et al., 1986 
Experimental Procedures
Fly Stocks Fly storks were maintained at 22°C on cornmeal-yeast-dextrosesucrose medium. para"' and para2r"" stocks were obtained from B. Canetrky.
para"' was provided by T. Grtgliatti. The fx=~a'r~~' stock was prepared by outcrossing the para'r'6 stock to attached-X females for two generations followed by crossing to a balancer stock to make the mutant X homozygous.
Canton-S was used as the wildtype strain. Since para"' and pa& ' were generated in an Oregon-R background and only para'rrh was made in Canton-S, there are some uncontrolled differences in the genetrc background of the mutants. Each of the stocks was tested periodically for the paralytic phenotype.
Cell Culture Cultures were prepared according to the procedures developed by Seecof (1979) in which both sodium and potassium currents were examined contained the following: (internal) 70 mM KF, 70 mM KCI, 1 mM CaCIz, 2 mM MgClz, 11 mM ECTA, 10 mM HEPES (pH 7.2); (external) 140 mM NaCI, 3 mM KCI, O-2 mM TEA-Cl, 4 mM MgCIz, 1 mM CoCI,, 5 mM HEPES, 1 mM CaCI, (pH 7.2). Solutions used for experiments in which only sodium currents were examined contained the following (internal) 70 mM CsCI, 70 mM CsF, 1 mM CaCJ2, 2 mM MgCI,, 11 mM EGTA, 10 mM HEPES (pH 7.2 with 25 mM NaOH); (external) 140 mM NaCI, 2 mM TEA-Cl, 4 mM MgClz, 1 mM CoCI,, 5 mM HEPES, 1 mM CaCI, (pH 7.21. The osmolarity of all solutions was routinely adjusted to between 320 and 330 mosm with 50 mM sucrose.
Electrophysiology
Currents were recorded using the tight-seal, whole-cell recording technique (Hamill et al., 1981) . Patch electrodes were coated with Sylgard and fire-polished to a resistance of 6-14 MQ when filled with the standard solutions.
Pipette potentials were nulled just prior to seal formation.
After establishing a high resistance seal, the pipette capacitance was electronically compensated to less than 0.2 pF. The whole-cell capacitance was determined immediately upon breaking into the cell by integrating the area under the capacitative transients rn a current record obtained by averaging the current responses elicited by 64 depolarizing voltage steps from -70 to -50 mV. All data were collected from cells with whole-cell capacitances of 1-5 pF. Series resistance compensation was not routinely attempted, as the maximal series resistance errors from the largest sodium currents recorded were estimated to be less than 2 mV. Each cell with a sodium current greater than or equal to 5 pA was scored as positive in determining the number of cells with sodium currents. The percentage of cells with sodium currents was calculated on a per plating basis. All data used for I-V curves and kinetic measurements were obtained from cells with sodium currents under good voltage control and with extrapolated reversal potentials of less than +70 mV (O'Dowd and Aldrich, 1988) .
Data Acquisition and Analysis Data were collected and analyzed using a List EPC-7 patch clamp amplifier and a Digital PDP 1 l-73 computer.
Current records were sampled at 50 or 100 us intervals and filtered with an 8-pole Bessel filter at 2.5 kHz unless otherwise indicated.
A linearly scaled leak current obtained by averaging 64 depolarizing steps from the holding potential of -70 to -50 mV was subtracted from each of the current records prior to analysis. Data were collected from both wild-type and mutant flies over the same time period with identical media and recording solutions. A two-tailed Student's t test for unpaired data was used for statistical comparison of wild-type and mutant values. The temperature of the recording media was controlled by a thermocouple device with a feedback circuit.
